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It is known for almost 50 years that the exchange interaction between a ferromagnet ͑FM͒ and an antiferromagnet ͑AFM͒ brought into atomic contact leads to a displacement of the hysteresis loop of the FM along the field axis and an increased coercivity. 1 In recent years the phenomenon, known as exchange anisotropy ͑EA͒, has received a renewed interest due to its application in miniaturized magnetoelectronic devices, e.g., magnetic random access memories. Despite the huge amount of theoretical and experimental efforts, a microscopic model that completely explains the EA effect has not yet emerged.
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It is evident that the atomic structure and spin configuration at the FM/AFM interface play a major role in the arising of EA. Many factors such as spin orientation, anisotropy, crystallinity, and roughness at the interface contribute in a combined way to the magnitude of the loop shift, also called exchange bias field ͑H e ͒, and the coercivity ͑H c ͒, making theoretical analysis and predictions very complicated. From an experimental perspective it is important to design samples and experiments that enable studying the dependence on a particular parameter while keeping all the others fixed. The procedure is complicated by the fact that parameters are typically not independent of each other.
In order to study the dependence of EA on interface morphology, we choose single crystalline Co/fct-Mn͑001͒ bilayers, epitaxially grown on a Cu͑001͒ single crystal substrate. It has been shown elsewhere that the antiferromagnetic Mn induces a unidirectional anisotropy in Co at room temperature, while the layer by layer growth enables the formation of a well defined FM/AFM interface. 3 In particular, 5 who also observed a damped spin precession and studied the influence of the exchange bias field H e on the damping parameter; however, no detailed study of the FM/ AFM morphology is reported in Ref. 5 . In the present paper we generalize the concept of optically controlling the exchange bias field to a completely different exchange-coupled system, i.e., Co/ Mn bilayer; moreover, the well defined structure of the Co/ Mn interface offers an ideal situation for studying the dependence of ␣ , H e , H c , and all the other relevant parameters on the interface morphology. Of particular interest for future technological applications is the possibility of controlling the damping by modulating the interface roughness at the atomic level.
We studied a series of samples, characterized by different relative thicknesses of the layers. Here we focus on two specific samples; both of them consist of a Co/ Mn bilayer epitaxially grown on a Cu͑001͒ single crystal substrate in ultrahigh vacuum ͑pressure below 5 ϫ 10 −11 mbar͒ at room temperature. In order to study the influence of the thickness of the FM on the exchange interaction, in sample 1 the Co is deposited forming a wedge structure, from a thickness of ϳ7-13 monolayers ͑ML͒; a sharp step to a plateau of 24 ML is also created to mark the end of the wedge. The Mn is epitaxially grown on top of the Co wedge with a constant thickness of 25 ML. The whole stack is capped with 5 nm of Cu to protect from oxidation. A sketch of sample 1 is shown in Fig. 1͑d͒ . More details about the growth of this kind of wedges can be found in Ref. 3 ; here we only want to stress that ͑i͒ Mn is expected to grow on Co forming a compensated fct spin structure at the interface and ͑ii͒ these deposition conditions lead to the formation of a Co surface characterized by a modulated roughness. In particular, in situ scanning tunneling microscope scans on similar wedges proved that at a nominal thickness of N Co ML ͑where N is an integer͒ the Co surface is atomically flat, while at a nominal thickness of ͑N +1/2͒ ML the surface exhibits an enhanced atomic roughness due to the formation of islands and terraces. 3 The growth conditions of sample 2 are exactly the same, but the composition is slightly different: The Co is deposited on Cu͑001͒ with a constant thickness of 25 ML, the thickness of the Mn layer is 18 ML, and the capping layer consists of 2 nm of Cu and 2 nm of Al. The capping layer of sample 2 is characterized by a lower optical absorption at the wavelength of interest ͑785 nm͒, making it more suitable for Kerr effect measurements.
After Mn deposition the samples were annealed at 440 K for 30 min in a 3 kG magnetic field applied along the Co͓110͔ easy axis direction in order to achieve a well defined exchange anisotropy direction. Subsequently longitudinal MOKE measurements were performed along the wedge of sample 1 for magnetic characterization. In Figs. 1͑a͒ and 1͑b͒ two MOKE loops can be seen, corresponding to 11 and 10.5 Co ML, respectively. It can immediately be noticed that the interface morphology has an influence on the exchange coupling, the coercivity of the sample changing from ϳ42 kA/ m for the filled ML to ϳ25 kA/ m for the half filled ML. A closer look shows that H e is affected by the morphology in the opposite way, i.e., being minimum for the filled ML. This behavior is maintained throughout the wedge as can be seen in Fig. 1͑c͒ where coercivity and exchange bias are plotted as function of Co thickness: H c and H e oscillate with opposite phase along the wedge, till the 24 ML plateau is reached. Superimposed to the oscillation, a typical 1 / t Co behavior, where t Co represents the thickness of the ferromagnet, is observed. The oscillations are due to changes in the FM/AFM interaction, induced by the modulated atomic roughness, which favors, for a perfectly flat interface, a perpendicular alignment of FM and AFM spins. Further details can be found in Ref. 3 .
In order to investigate how spins respond to fs laser excitation we performed polar TR-MOKE measurements on the Co/ Mn bilayer using 70 fs laser pulses at 80 MHz repetition rate, with a pump fluence of ϳ1 mJ/cm 2 . Pump and probe pulses are modulated by a photoelastic modulator and a chopper and focused onto the same 8 m diameter spot on the sample at almost perpendicular incidence; the Kerr rotation is thus proportional to the out-of-plane ͑OOP͒ component of the magnetization. Further details about the technique and the experimental setup can be found in Ref. 6 and references therein. The results presented in the following paragraphs have been obtained from sample 2, but similar results were achieved from other samples. Further studies on wedge structures to investigate the influence of the modulated interface roughness are in progress.
We choose two different geometries for the time resolved experiments. First we perform a polar TR-MOKE experiment, applying an in-plane magnetic field of 16 kA/ m perpendicular to the exchange bias direction; the aim of the study is to trigger precessional magnetization dynamics by suddenly quenching the exchange bias field. A typical result of such a measurement is shown in Fig. 2͑a͒ ; an oscillatory behavior of the normalized Kerr rotation can be observed, which corresponds to a coherent magnetization precession. The data can be fitted with a damped sine of the form The mechanism that leads to the observed coherent damped spin precession is based on the temperature dependence of the exchange interaction. When the pump pulse hits the sample, heat is transferred to the conduction electrons bringing the bilayer close to the blocking temperature ͑T b ϳ 400 K͒ and lowering the exchange bias. The equilibrium magnetization direction is now closer to the applied field direction; therefore the spins experience a torque that brings them to a canted state. The extra heat is finally dissipated on a picosecond time scale to the substrate through electronphonon interactions and heat conduction, and the original exchange bias is recovered. The subsequent damped magnetization precession corresponds to the spins aligning back to the original equilibrium direction.
It is well known that ultrafast laser pulses can induce a demagnetization on a time scale of some hundreds of femtoseconds due to the temperature dependence of the saturation magnetization. 6, 7 Since the anisotropies ͑shape anisotropy, crystalline anisotropy, surface anisotropy, etc.͒ in a FM strongly depend on the saturation magnetization, 8 laserinduced demagnetization can cause a sudden change in the anisotropy, driving the magnetization out of equilibrium and thereby starting a precessional motion, as nicely shown, for example, in Ref. 9 . Such a mechanism could in principle be responsible for the observed precession in our present experiment; however, such a reduction of the magnetization cannot be resolved in the current geometry since our polar measurement is not sensitive to the in-plane magnetization components.
In order to induce a measurable OOP magnetization and verify that the mechanism that drives the precession of Fig.  2͑a͒ is a sudden reduction of exchange interaction and not a demagnetization-induced change of the anisotropy, we performed another polar TR-MOKE experiment, applying a magnetic field of 160 kA/ m directed perpendicular to the surface, leading to a canted magnetization equilibrium direction. In this configuration a modification of the exchange interaction would not alter the magnetization equilibrium direction, while a change in the anisotropy, driven by ultrafast demagnetization, would result in a change of the canting angle and eventually lead to a precessional motion. As can be seen in Fig. 2͑b͒ no demagnetization is observed in the first picosecond after laser excitation within the experimental accuracy of 0.02%: The sudden change in the transient reflectivity ͑full squares͒ proves that heat is absorbed in the layer, but the magnetic response ͑empty circles͒ is flat up to the experimental resolution. The sharp peak at 0 ps time delay is due to a modified optical response during pump-probe overlapping driven by state filling bleaching effects 10 and/or by pump light scattered towards the detector; it does not resemble any spin dynamics. Also on a longer time scale no oscillations can be observed ͑not shown here͒. This demonstrates that the magnetization precession observed when a field is applied in the plane of the sample is due to a laserinduced quenching of the exchange bias. The absence of demagnetization is not surprising if we take into account the relatively high Curie temperature of cobalt, T C ϳ 1400 K. Considering a typical 20% absorption of light in the Co layer, we can calculate a temperature rise of ϳ100 K above room temperature, which corresponds to a too low demagnetization to be detected with our setup. 11 On the other hand such a temperature rise is sufficient to bring the bilayer close to T b and almost completely quench H e , causing the observed precession when an in-plane field is applied perpendicular to the exchange bias direction.
In conclusion we studied the dynamic spin response to femtose laser excitation on a Co/fct-Mn͑001͒ exchanged couple bilayer, presenting an atomically flat interface. The observed damped magnetization precession and the absence of a measurable ultrafast demagnetization are the direct proofs that we can optically modify the exchange interaction on an ultrafast time scale, taking advantage of its temperature dependence. These observations provide a strong motivation for further studies on Co and Mn wedges. Thickness, interface roughness, applied field dependence of the oscillation frequency, the damping, and all the other relevant parameters will be investigated, with the aim of providing insight in the complex mechanisms leading to such a rich dynamic spin response. 
